Two postprocessing methods for correcting current or voltage are proposed for a more efficient hysteretic magnetic-field analysis. One method uses the instantaneous power difference, whereas the other derives an equivalent resistance to the hysteretic effect. The former method gives a good postcorrection of current for a voltage source. A postcorrection method for electromagnetic force is also discussed, and is demonstrated to give a good approximation of this force.
I. INTRODUCTION
T HE development of vector hysteresis models has enabled direct iron loss evaluation in electric machinery using a magnetic-field analysis that takes into account hysteresis directly [1] - [3] . The vector hysteresis model is also used for an iron loss evaluation in a postprocessing manner [3] - [5] because the direct hysteretic analysis is still computationally expensive. After a magnetic-field analysis using a nonhysteretic property of the iron core, the postprocessing method using a vector hysteresis model recalculates the magnetic field vector from the magnetic flux density obtained by the nonhysteretic analysis. So far, the recalculated magnetic field is used only to evaluate iron loss even though hysteresis may affect the voltage-current property and the electromagnetic force in the electrical machinery. This is because the postprocessing method has not been sufficiently discussed in the theory. This paper discusses the theoretical background to the postprocessing method in the presence of air gap and develops a method for postcorrection of voltage/current and electromagnetic force.
II. POSTPROCESSING METHOD

A. Background of Postprocessing Method
For simplicity, the magnetic circuit including air gap (see Fig. 1 ) is discussed. The magnetic circuit is governed by
where h ac is the magnetic field considering the ac hysteretic property of the iron core, l and d are the magnetic path lengths of the iron core and air gap, respectively, and ν 0 = 1/μ 0 is the reluctivity in vacuo. The electric circuit is represented as
where e is the winding voltage and S is the cross section of the iron core and air gap. In (2), the coil resistance is ignored. In general, the reluctivity of an iron core is much smaller than that of an air gap. The magnetic flux in the magnetic circuit is barely affected by the iron core and depends predominantly on the air gap. This is why iron loss is often evaluated in postprocessing after a magnetic-field analysis without taking the magnetization hysteresis into account. When the hysteretic property of the iron core is approximated by a single-valued function h 0 (B) without hysteresis, the magnetic and electric circuits are governed by
where B 0 , i 0 , and e 0 are, respectively, magnetic flux density, winding current, and winding voltage when using h 0 (B). For the current source
From (1), (4), and the first equation of (3)
is obtained. When the reluctivity of the iron core is much smaller than that of the air gap, the first terms on both sides of (5) 
From (2), (6) , and the second equation of (3), B = B 0 is obtained similarly as for the current source.
B. Direct Method and Postprocessing Method
In this paper, the magnetic-field vector H that takes account of the ac hysteretic property is given by
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where h(B) is a vector hysteresis function and R is a constant representing the ac iron loss [5] , [6] , for example, from eddy currents.
For the current source, the FEM handling the hysteresis directly solves the differential equation
where J is the imposed current density vector. When the hysteresis is taken into account by the postprocessing method, the FEM solves
where h 0 (B) is a magnetic property without hysteresis. After obtaining B from (9), the magnetic field H is recalculated from (7) taking the hysteretic property into account. For the voltage source, the electric circuit equation
is solved with (8) or (9); here, e is the source voltage, i is the current flowing in the circuit, and r is the coil resistance. The postprocessing method is similarly applied as for the current source.
III. CURRENT/VOLTAGE POSTCORRECTION
A. Proposed Methods to Correct Current/Voltage
The postprocessing method evaluates the iron loss including hysteresis loss using the recalculated H. This section presents two postprocessing methods to correct the current or voltage taking into account the hysteresis.
Using H 0 = h 0 (B) before postprocessing and H given by (7) after postprocessing, the instantaneous power consumed in the iron core is represented as
For the current source (i = i 0 ), the correction of the voltage δe is given as
When i 0 = 0, δe is set to 0. For the voltage source (e = e 0 ), the correction of voltage δi is given as
Hereafter, the method of correcting current or voltage by using (13) or (14) is called correction method (a).
Corrections method (a) may yield large correction errors when i 0 or e 0 is nearly 0. An equivalent resistance is introduced as follows. To represent iron loss for a current source, the equivalent series resistance r a is given as
where I e is the effective value of the current i 0 and The voltage correction δe is give as
For a voltage source, an equivalent parallel conductance g a is defined as
where E e is the effective value of the voltage e 0 , and δW is given by (16). The voltage correction δi is given as
The method of correcting current or voltage by using (17) or (19) is called correction method (b).
B. Analysis Condition
Two types of drum-type ferrite-core inductors (Fig. 2) are analyzed using the axisymmetric 2-D FEM. In this paper, the vector play model [7] is used to represent the dc hysteretic property h(B); the hysteresis-free magnetic property is given by the normal magnetization curve. The resistance R in (7) is determined from the frequency dependence of coercive force [8] . The excitation frequency is 100 kHz, and the coil has 35.5 turns and a resistance of 1.08 .
C. Comparison Between Simulation and Experiment
First, the postprocessing method and the direct method are compared with the experimental result for inductor (a). Fig. 3 presents the simulated and measured current (I )-voltage (V ) properties with the current source. The I -V curve given by the direct method roughly agrees with the measured curve. The correction to the voltage is small because the iron loss is not large.
D. Comparison Between Direct and Postprocessing Methods With Higher Harmonics
Next, inductor (b) having large iron loss [ Fig. 2(b) ] is simulated to compare the postcorrection methods with the direct method. The waveform of the voltage or current source includes a third-order harmonic component, specifically, A sin ωt + 0.3 A sin 3ωt + 0.3 A cos 3ωt, where A is the amplitude of the fundamental component. Fig. 4 shows the simulated voltage waveform over a half period with the current source. Correction method (a) fails the voltage correction when the current is small even though w-w 0 in (13) is large. This is because the recalculated magnetic field H given by the hysteretic property (7) is not small even when i 0 is nearly 0. Correction method (b) roughly agrees with the direct method. 
IV. ELECTROMAGNETIC FORCE POSTCORRECTION
A. Method for Electromagnetic Force Correction
The method of correcting the electromagnetic force acting on a moving part of a linear motor (Fig. 6) or a rotor of rotating machine is discussed. Denote by P w the work rate done by electromagnetic force F in moving an object. The electromagnetic force correction δ F is given as
where δ P w is the correction to the work rate and v is the speed of the moved object. Fig. 7(a) shows the single-phase equivalent circuit of a permanent magnet linear motor (Fig. 6) , where L A and L I represent the inductances corresponding to the air gap and iron core, respectively, and e mag is the approximation of the electromotive force by the magnet motion. In general, L A L I holds, which means a combined inductance
First, the postcorrection for a current source i 0 = I sin ωt is analyzed. For simplicity, e mag is assumed to be
where E M is the amplitude of e mag and θ is the phase delay to di 0 /dt depending on the magnet position. The input voltage e 0 is given as
where i c0 is the winding current. When the hysteretic property h(B) is used, a parallel equivalent resistance R iron is introduced [ Fig. 7(b) ] to represent the iron loss. When ωL C R iron , the input voltage e approximately equals e 0 . Hence, using e 0 , R iron is obtained from
where P iron is the iron loss obtained in postprocessing that includes hysteresis. The current flowing R iron is approximated as 
From (22), (24), and (25)
where P in0 and P in are the input powers before and after postcorrection. From (22), ωL c I and E M are obtained as
The conservation of energy gives
From (20), (23), and (26), δ F is obtained. For a voltage source, i c is not affected by the addition of R iron . The electromagnetic force F with hysteresis approximately equals the hysteresis-free F 0 because
where P w0 is the work rate without the hysteretic effect.
B. Analysis of Electromagnetic Force
A linear motor (Fig. 6 ) was analyzed using the 2-D FEM. The magnetic field of the iron core is represented by (7) in which the second term represents the eddy-current field and h(B) originates from the vector play model [7] . The excitation frequency is 50 Hz.
Simulated powers and electromagnetic forces are listed in Tables I and II for a current source with amplitude I = 10 A. Postcorrection gives a good approximation for the electromagnetic force and input power in the presence of hysteresis. When sin θ ≈ 0, however, the correction based on (27) may become inaccurate. Table III lists simulated electromagnetic forces for a voltage source with amplitude of 500 V. The electromagnetic force without correction approximately equals that of the direct method as is expected from (30). V. CONCLUSION This paper proposes two methods for current/voltage postcorrection: (a) a correction using the instantaneous power difference, (b) a correction deriving an equivalent resistance. Correction method (a) achieves a good current correction for a voltage source, whereas correction method and (b) gives a better correction for the voltage than (a) for the current source.
The postcorrection of the electromagnetic force was analyzed, indicating that force correction is not needed for a voltage source. The proposed method for a current source gives a good postcorrection of the electromagnetic force and input power.
